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Selectivity ﬁlterOutward currents through inward rectiﬁer Kir2.1 channels play crucial roles in controlling the electrical proper-
ties of excitable cells. Extracellularmonovalent and divalent cations have been shown to reduce outwardK+ con-
ductance. In the present study,we examinedwhether spermine, with four positive charges, also inhibits outward
Kir2.1 currents.We found that extracellular spermine inhibits steady-state outwardKir2.1 currents, an effect that
increases as the voltage becomes more depolarizing, similar to that observed for intracellular spermine. Howev-
er, several lines of evidence suggest that extracellular spermine does not inhibit outward currents by entering the
cytoplasmic pore. Site-directed mutagenesis studies support that extracellular spermine directly interacts with
the extracellular domain. In addition, we found that the voltage-dependent decay of outward Kir2.1 currents
was necessary for inhibition by extracellular spermine. Further, a region at or near the selectivity ﬁlter and the
cytoplasmic pore are involved in the voltage-dependent decay and thus in the inhibition of outward currents
by extracellular spermine. Taken together, the data suggest that extracellular spermine bound to the mouth of
the extracellular poremay induce an allosteric effect on voltage-dependent decay of outward currents, a process
inwhich a region in the vicinity of the selectivity ﬁlter and cytoplasmic pore are involved. This study reveals that
the extracellular pore domain, the selectivity ﬁlter and the cytoplasmic pore are in communication and this cou-
pling is involved in modulating K+ conduction in the Kir2.1 channel.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Inward rectiﬁer K+ (Kir) channels are important formaintaining sta-
ble resting membrane potentials, controlling excitability, and shaping
both initial depolarization and ﬁnal repolarization of action potentials
in excitable cells [1–4]. The physiological functions of Kir channels are
closely linked to K+ efﬂux through such channels [5]. Although outward
Kir currents are small, they play a crucial role in controlling membrane
excitability and action potential duration. Therefore, regulation of out-
ward Kir2.1 current is vital for appropriate regulation of physiological
and pathological functions. Previously, we studied the regulation of out-
ward Kir2.1 currents in Xenopus oocytes and found that extracellular
Na+ and Ca2+ inhibited such currents by screening extracellular surface
charges and by inhibiting [K+]o-dependent increases in K+ conductance
[6]. Because surface electrostatic effects increasewith the charge level of
the screening molecular, polycations such as spermine, with four posi-
tive charges, may strongly inhibit outward Kir2.1 currents.
Polyamines including putrescine, spermidine, and spermine are
near-ubiquitous in cells and play important roles in many cellular
functions, including protein synthesis, cell division, and cell growth
[7]. Polyamines, which are organic polycations that are positivelyces, Academia Sinica, 128 Yen-
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rights reserved.charged at physiological pH values, have been shown to interact
with various types of ion channels [7]. The effects of intracellular
polyamines on the Kir2.1 channel have been extensively character-
ized [8,9]. However, potential effects of extracellular spermine on
outward currents through Kir2.1 channels remain unknown. In the
present study, we characterized the inhibitory effect of extracellular
spermine on outward K+ conductance through Kir2.1 channels
expressed in Xenopus oocytes.
2. Materials and methods
2.1. Preparation of Xenopus oocytes and molecular biology techniques
Xenopus oocytes were isolated by partial ovariectomy of frogs
anaesthetized with 0.1% (w/v) tricaine (3-aminobenzoic acid ethyl
ester) in accordance with the Guide for the Care and Use of Laboratory
Animals (National Academy of Sciences, Washington, D.C., 1996), as pre-
viously described [10]. cRNAs to be expressed in Xenopus oocytes were
prepared by in vitro transcription (mMessagemMachine; Ambion, Dallas,
TX). Site-directed mutations and the Kir1.11–183–Kir2.1185–428 chimera
were constructed by polymerase chain reaction ampliﬁcation as previ-
ously described [11]. To generate a Kir2.1-EYFP construct, the Kir2.1 plas-
mid was subcloned into MluI/ScaI digested pEYFP C-1 (Clontech). The
authenticity of mutations was conﬁrmed by sequencing of cDNAs using
an ABI Prism dRhodamine Terminator Cycle Sequencing Ready Reaction
Kit (PE Applied Biosystems, Foster City, CA).
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Guinea pig (Hartley) ventricularmyocyteswere isolated by an enzy-
matic procedure described previously [12]. Brieﬂy, guinea pigs were
anesthetized with sodium pentobarbital (50 mg/kg I.V.) and hearts
were isolated and retrogradely perfusedwith a Ca2+-free Tyrode's solu-
tion, followed by a similar solution containing 0.5 mg/ml collagenase,
0.25 mg/ml protease, 1 mg/ml albumin, and 50 μM CaC12. The heart
was minced and cells were dissociated by gentle agitation in the en-
zyme solution. Isolated cells were stored at room temperature in
Tyrode's solution containing 100 mg/ml albumin, 1 mM CaC12, and
10 mM glucose at pH 7.4. The Tyrode's solution (pH 7.4) contained (in
mM) NaCl, 150; KCl, 5; MgCl2, 2; CaCl2, 1; HEPES, 5; and glucose, 5.5.
2.3. Cell culture and transfection procedures
HEK293T cells were cultured in DMEM (Sigma Chemical, St. Lois,
MO, USA) containing 10% (vol/vol) FBS (Life Technologies, Paisley,
Scotland) and 1% penicillin–streptomycin at 37 °C in a humidiﬁed
atmosphere containing 5% CO2. Cells were plated on poly L-lysine-
coated No. 1 glass cover slips (35 mm). In order to visualize
transfected cells for patch-clamping, HEK293T cells were transiently
transfected with 2 μg of the Kir2.1-EYFP construct by using
Lipofectamine 2000 (Invitrogen Co., Carlsbad, CA, USA). Cells were
used 1–2 days after transfection.
2.4. Electrophysiological recordings
Currents were recorded at room temperature (21–24 °C) or at
physiological temperature (36.5–38.5 °C) using the patch-clamp
technique [13,14] and an Axopatch 200B ampliﬁer (Molecular De-
vices, Sunnyvale, CA). For patch-clamping in oocytes, the 5/20‐mM
[K+]o solutions (pH 7.4) contained (in mM) KCl, 4.3/19.3; KOH, 0.7;
and HEPES, 1. The intracellular solution (pH 7.4) for outside-out re-
cording contained (in mM) KCl, 76; KOH, 20; K2HPO4, 4; KH2PO4, 1;
KF, 5; EDTA, 5; Na3VO4, 0.1; and K4P2O7, 10 [15]. Intracellular solu-
tions (pH 7.4) for inside-out recording contained (in mM) KCl, 121;
KOH, 20; K2HPO4, 4; KH2PO4, 1; and EDTA, 5. Because outward
Kir2.1 currents recorded at 1–20 mM [K+]o are the same in the pres-
ence and absence of sucrose [6], and because the effects of low
[spermine]o (≤100 μM) are unlikely to be related to a change in os-
molarity, we did not adjust the osmolarity of low [K+]o solutions.
For whole-cell recordings in myoctyes and HEK293T cells, the 5 mM
[K+] extracellular solution (pH 7.4) contained (in mM) KCl, 4.3;
KOH, 0.7; sucrose 280; HEPES, 5; nifedipine, 0.005; atropine, 0.001;
glybenclamide, 0.01; 4-aminopyridine, 1. The pipette solution (pH
7.2) for whole-cell recording contained (in mM) K-asparate, 138;
MgATP, 3; Na2phosphocreatine, 5; MgCl2, 1; EGTA, 5; HEPES, 5; and
creatine, 2. Junction potentials (−11.4 mV for recordings in oocytes
and −14 mV for recordings in myocytes and HEK293T cells) were
corrected.
The sampling/ﬁltering frequencies were 20 kHz/5 kHz for giant-
patch and whole-cell recordings and 10 kHz/2 kHz for single-channel
recordings. The voltage step durations were sufﬁciently long (0.1 to
2.5 s) to allow recording of steady-state outward currents. Command
voltages were controlled by and data were acquired with pClamp10
software (Molecular Devices).
2.5. Temperature control
Heating and temperature control was achieved by perfusion of so-
lutions with an SHM-828 eight-line heater controlled by a CL-100
temperature controller (Harvard Apparatus). A custom-made mani-
fold was attached to the output ports of the heater to deliver solutions
to the recording chamber and provide heat insulation. The patch
pipette was placed b0.5 mm from the solution output ports and aminiature bead thermistor was positioned right next to the patch pi-
pette to monitor accurately the local temperature. The readout of the
thermistor was then fed into an analog input of the patch ampliﬁer
and recorded simultaneously with current and voltage.
2.6. Data analysis
All single-channel events at each voltage were pooled and displayed
using square root–log coordinates to construct single open- and
closed-time distributions, which were best-ﬁtted to one or two expo-
nential components employing the maximum-likelihood method [16].
Averaged data are presented as means±SEMs. The normalized G–Vm
relationships were ﬁtted to a single Boltzmann equation (Eq. (1)),
G=Gmax ¼
1
1þ exp zF V−Vhð Þ=RT½ 
þ C ð1Þ
where Vh is the half-inactivation voltage and z is the effective valence.
3. Results
3.1. Extracellular spermine inhibits outward Kir2.1 currents with higher
potency than extracellular Na+ and Ca2+
Previously, we showed that extracellular Na+ and Ca2+ inhibit
outward Kir2.1 currents, in part by screening of surface charges locat-
ed at the extracellular pore [6]. In the present work, we examined the
inhibition of outward Kir2.1 currents by extracellular spermine. The
I–Vm relationship of Kir2.1 channels recorded from an outside-out ex-
cised patch at 5 mM [K+]o shows that extracellular spermine de-
creased both inward and outward Kir2.1 currents (Fig. 1A). As
shown in Fig. 1B, which presents the voltage dependence of chord
conductance (G), extracellular spermine also reduced the maximum
conductance in a concentration-dependent manner. Notably, an anal-
ysis of the concentration-dependent effects of extracellular spermine,
Na+ and Ca2+ on peak outward Kir2.1 currents showed that extracel-
lular spermine was more effective than extracellular Na+ and Ca2+ in
reducing outward Kir2.1 currents (Fig. 1C).
To investigatewhether extracellular spermine could inhibit outward
Kir2.1 channels in mammalian membranes, we recorded currents
through Kir2.1 channels expressed in HEK293T cells. Extracellular
spermine (3 and 10 μM) inhibited outward currents but had little effect
on inward currents through Kir2.1 channels in HEK293T cells (Fig. 1D).
Furthermore, Fig. S1 shows that extracellular spermine (100 μM) was
able to inhibit outward Kir2.1 currents inHEK293T cells at physiological
temperature (37 °C). Next, we determined whether extracellular
spermine could inhibit currents through native Kir2 channels (IK1) in
guinea pig ventricular myocytes. Fig. 1E shows that extracellular
spermine (100 and 300 μM) inhibited inward IK1. Fig. 1F summarizes
the concentration-dependent effects of extracellular spermine on
IK1 of guinea pig ventricular myocytes and Kir2.1 currents expressed
in oocytes and HEK293T cells. Extracellular spermine could inhibit
outward currents in all three preparations but the effect was more
potent in oocytes than in HEK293T and cardiac myocytes. In the fol-
lowing experiments, we focused on the structure-function study of
the inhibition caused by extracellular spermine on Kir2.1 channels
expressed in oocytes.
3.2. Extracellular spermine inhibits Kir2.1 currents in a concentration- and
voltage-dependent manner
Next, we examined the voltage-dependent effects of extracellular
spermine on steady-state outward currents. In order to avoid the
complication of residual spermine block, we performed experiments
in inside-out patches from oocytes expressing D172N mutants, in
which high-afﬁnity block is abolished [8,17–19] and thus is less
A B C
D E F
Fig. 1. Inhibition of outward Kir2.1 currents by extracellular spermine. A. Representative traces showing currents recorded using a ramp protocol (Vm=−100 mV to 0 mV over 3 s)
in an outside-out patch exposed to the indicated conditions at 5 mM [K+]o. Normalized G–Vm relationships for the indicated [spermine]o. Conductance was normalized to the
maximum value obtained under control conditions. I, II, III, and IV indicate the same solution conditions as described in A. C. The concentration-dependent effects of
[spermine]o (n=9–11), [Na+]o (n=2–5), and [Ca2+]o (n=4–11) on the normalized peak outward current in the wild-type Kir2.1; spermine exerted comparable effects on
the D172N mutant (n=3). Peak outward Kir2.1 currents recorded under various ionic conditions were normalized to those obtained under control conditions. D. Represen-
tative traces showing whole-cell Kir2.1 currents recorded in a HEK293T cell using the ramp protocol exposed to the indicated conditions at 5 mM [K+]o. E. Representative
traces showing whole-cell IK1 recorded in a guinea pig ventricular myocyte using the ramp protocol exposed to the indicated conditions at 5 mM [K+]o. F. The
concentration-dependent effects of [spermine]o on the normalized peak outward current in cardiac myoctyes (n=3–8), HEK293T (n=2–4), and oocytes.
767H.-K. Chang, R.-C. Shieh / Biochimica et Biophysica Acta 1828 (2013) 765–775sensitive to residual block by polyamines than the wild-type Kir2.1
channel. The concentration-dependent effects of [spermine]o on
peak outward currents were the same for both the wild-type and
the D172N mutant channel (Fig. 1C), indicating that the responsive-
ness to extracellular spermine is intact in the D172N mutant. Fig. 2A
shows currents recorded with voltage steps of−50 mV to+100 mV
in the D172N mutant at 20 mM [K+]o, under both control conditions
and in the presence of the indicated [spermine]o, from separate
inside-out patches. Increases in [spermine]o accelerated the decay
rate of outward currents through the D172N mutant, and lowered
steady-state outward currents. Fig. 2B shows the voltage depen-
dence of steady-state chord conductance under control conditions
and in the presence of 3–100 μM [spermine]o. Because the effects
of different [spermine]o levels were studied using separate inside-
out patches, voltage-dependent inhibition of Kir2.1 currents was
evaluated by normalizing chord conductance to the maximum
value under each recording condition. The G–Vm relationships (in
the range of Vm–EK=0 to +150 mV) could be described by a
Boltzmann relationship [Eq. (1)] (solid lines). Under control condi-
tions, conductance decreased as the membrane voltage became
more depolarizing. Extracellular spermine inhibited outward K+
conductance and shifted the G–Vm curve in the hyperpolarized di-
rection. The Vh–EK values were +91.2±2.7, +77.1±0.3, +68.2±1.9,
+60.2±0.8, and +58.1±1.1 mV under control conditions, and in the
presence of 3, 10, 30, and 100 μM [spermine]o, respectively. In addition,
extracellular spermine signiﬁcantly increased the slope of the G–Vm re-
lationship. The effective valences were 2.3±0.1, 3.3±0.4 (pb0.05),
3.6±0.1 (pb0.001), 3.7±0.1 (pb0.001), and 4.0±0.2 (pb0.001)
under control conditions, and in the presence of 3, 10, 30, and 100 μM
[spermine]o, respectively. Fig. 2C shows the voltage dependence of thetime constants for outward current decay. Under control conditions,
the time constants showed no obvious voltage dependence. Extracellu-
lar spermine decreased the time constants of outward current decay in
a voltage-independentmanner. Collectively, these results show that the
potency of extracellular spermine inhibition of steady-state outward
currents increased as the voltage becamemore depolarizing, a relation-
ship similar to that observed for intracellular spermine.
In addition to inhibiting outward K+ conductance, extracellular
spermine also decreased inward K+ conductance (Fig. 2B). The inhibi-
tionwas stronger atmore hyperpolarizing voltages. However, the inhib-
itory effect on inward currents did not appear to be time-dependent
(Fig. 2A). Because the voltage- and time-dependence for the inhibition
of inward and outward currents by extracellular sperminewas different,
the underlyingmechanisms for these two types of inhibitionwere prob-
ably different. In this study, we focused on the inhibitory effect of extra-
cellular spermine on outward Kir2.1 currents.
3.3. Extracellular Na+/Ca2+ and spermine differentially affect outward
D172N currents
Unlike extracellular spermine, extracellular Na+ (140 mM) and
Ca2+ (1.8 mM)did not cause a voltage-dependent inhibition of outward
D172N currents (Fig. 2A, bottom right panel) and did not shift the G–Vm
curve in the hyperpolarized direction (Vh–EK=+91.5±1.6 mV). In ad-
dition, extracellular Na+ and Ca2+ did not change time constants for
outward current decay (Fig. 2C).
We further compared the effects of spermine and Na+/Ca2+ on
single-channel currents. Fig. 3A shows outward single-channel cur-
rents recorded from two different inside-out patches containing the
D172N mutant perfused with a blocker-free intracellular solution at
AB C
Fig. 2. Voltage-dependent inhibition of outward D172N currents by extracellular
spermine and Na+/Ca2+. A. Macroscopic currents recorded from inside-out patches
containing the D172N mutant in control experiments and at the indicated conditions.
Patches were held at −40 mV, prepulsed to −80 mV, and then stepped to voltages
ranging from −50 (or 0) to +100 mV with 20 mM [K+]o and 150 mM [K+]i. B. The
G–Vm relationships obtained under the indicated conditions. Black lines show ﬁts to
Eq. (1). C. Voltage dependence of time constants for decay of outward currents; n=2–5.
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[spermine]o. Extracellular spermine reduced outward single-channel
currents but did not change the level of open-channel noise (see
Fig. 3, legend), implying that the decrease in outward K+ conduc-
tance was not attributable to a fast open-channel blockage by extra-
cellular spermine. Fig. 3B shows that the distributions of open and
closed dwell times at +30 mV and 20 mM [K+]o were well ﬁtted to
two and three exponentials, respectively, in both the presence and
absence of 100 μM [spermine]o. Fig. 3C summarizes the effects of ex-
tracellular spermine on single-channel properties at 20 mM [K+]o.
Extracellular spermine decreased outward single-channel currents
(Fig. 3Ca). Moreover, extracellular spermine decreased the open prob-
ability (Fig. 3Cb) and the mean open time (Fig. 3Cc), but increased the
mean closed time (Fig. 3Cd). Unlike spermine, extracellular Na+/Ca2+
neither decreased the mean open time nor increased the mean closedtime. These results show that themechanisms underlying the inhibition
of outward currents by extracellular spermine are different from those
for extracellular Na+ and Ca2+.3.4. The extracellular domain of the Kir2.1 channel is involved in effects
of extracellular spermine
Next, we determined whether spermine inhibits outward K+ con-
ductance by binding to the extracellular side of the Kir2.1 channel.
The sperminemolecule carries four positive charges, and thus may in-
teract with negatively charged residues that are extracellularly ex-
posed. Because the Kir2.1 homology model suggests that D114,
E125, and E153 are probably exposed to the extracellular milieu [6],
we next studied the effect of D114N/E125N/E153Q mutations on in-
hibition of Kir2.1 currents by extracellular spermine. Fig. 4A shows
currents obtained from the D114N/E125N/E153Q/D172N mutant
under control conditions and in the presence of 30 μM [spermine]o.
The Vh–EK value for the G–Vm relationship under control condition
was +104.8±0.8 mV (Fig. 4B), which was more positive than that
for the D172Nmutant, indicating that the D114N/E125N/E153Q triple
mutation weakens the voltage-dependent decay of outward currents.
Compared to the D172N mutant, extracellular spermine was less ef-
fective in shifting the G–Vm curve in the D114N/E125N/E153Q/
D172N mutant (Fig. 4B), which exhibited Vh–EK values of +90.9±
3.8, +88.4±5.0 and +88.3±2.8 mV at 3, 10 and 30 μM [spermine]o,
respectively. Fig. 4C shows the voltage dependence of the time constants
for outward current decay in the D114N/E125N/E153Q/D172N mutant.
Extracellular spermine did not affect the time constants of outward cur-
rent decay in the D114N/E125N/E153Q/D172N mutant (Fig. 4C). These
results suggest that extracellular spermine inhibits outward K+ conduc-
tance by interacting with the extracellular domain of the Kir2.1 channel.
However, the voltage dependence of this interaction, if there is one, is
unlikely to be stronger at more depolarizing voltages.3.5. Mutations in the pore region decrease inhibition of K+ efﬂux by ex-
tracellular spermine
We next tested whether binding of extracellular spermine to the
extracellular domain allosterically modulates a voltage-dependent
process involving the pore region at or near the selectivity ﬁlter
where about 80% of the transmembrane voltage is experienced [20].
This hypothesis predicts that mutations in the pore region in the vi-
cinity the selectivity ﬁlter should alter the inhibitory effects of extra-
cellular spermine. To test this idea, we ﬁrst constructed T142A,
T142Q, G144A, G144Q, G146A, and G146Q mutants but found that
mutant expression was too low to allow channel properties to be
studied. We next generated a mutation at T141, immediately internal
to the selectivity signature sequence, in the background of the D172N
mutation. Fig. 5A shows the currents recorded in the T141V/D172N
mutant under both control conditions (left panel) and in the pres-
ence of 100 μM [spermine]o (right panel). Fig. 5B shows that the
G–Vm relationship of the T141V/D172Nmutant under control condi-
tion (Vh–EK=+91.7±1.9 mV) was about the same as that of the
D172N mutant (Vh–EK=+91.2±2.7 mV). Extracellular spermine
did not cause a signiﬁcant (p>0.05) shift of the G–Vm curve in the
T141V/D172N mutant; at 10 and 100 μM [spermine]o, Vh–EK values
were +90.5±2.7 and +94.0±1.5 mV, respectively. In addition,
extracellular spermine at levels up to 100 μM did not affect the time
constants of outward current decay in the T141V/D172N mutant
(Fig. 5C). These results indicate that the T141V mutation almost
completely eliminated the voltage-dependent inhibition of outward
currents by extracellular spermine, suggesting that the pore region
near the selectivity ﬁlter is involved in the inhibitory effects of extracel-
lular spermine on such currents.
AB
C
a b c d
Fig. 3. Effects of 100 μM [spermine]o on single-channel properties of the D172N mutant. A. Single-channel currents recorded at 20 mM [K+]o in the presence of 150 mM [K+]i at 0 and
+30 mV. At +30 mV, σ(O)/σ(C) ratios were not signiﬁcantly different (p=0.25) in control conditions (1.03±0.04, n=3) and in tests of [spermine]o (1.14±0.06, n=5). B. Open- and
closed-time distributions of single-channel currents at+30 mVunder control conditions andwith 100 μM [spermine]o. Datawere accumulated from11patches under control conditions
and from 5 patches in the presence of 100 μM [spermine]o. C. Effects of 100 μM [spermine]o and 140 mM [Na+]o+1.8 mM [Ca2+]o on the voltage dependence of single-channel current
(a), openprobability (b),mean open time (bτO>) (c), andmean closed time (bτC>) (d) at 20 mM[K+]o (*** pb0.001). In plot (a), error bars are not shownwhen smaller than the symbol;
n=8–18 under control conditions and n=3–7 with 100 μM [spermine]o.
A
B C
Fig. 4. The D114N/E125N/E153Q triple mutation reduces the inhibitory effects of extra-
cellular spermine on outward currents. A. Currents were recorded from inside-out
patches of oocytes expressing the D114N/E125N/E153Q/D172N mutant under control
conditions (left panel) and with 30 μM [spermine]o (right panel). B. Normalized G–Vm
relationships under control conditions and in tests with 3–30 μM [spermine]o. Black
lines show ﬁts to Eq. (1). z=2.2±0.3, 2.2±0.2, 2.7±0.3, and 2.4±0.2 with 0, 3, 10,
and 30 μM [spermine]o, respectively. C. Voltage dependence of time constants for out-
ward current decay. n=3–5.
A
B C
Fig. 5. The T141V mutation reduces the inhibitory effects of extracellular spermine on
outward currents. A. Currents were recorded from inside-out patches of oocytes
containing the T141V/D172N mutant in the absence (left panel) and presence (right
panel) of 100 μM [spermine]o. B. Normalized G–Vm relationships without and with
10–100 μM [spermine]o. Black lines show ﬁts to Eq. (1). z=1.8±0.3, 1.8±0.3, and
1.5±0.3 with 0, 10, and 100 μM [spermine]o, respectively, in the T141V/D172N mu-
tant. C. Voltage dependence of time constants for outward current decay. n=3–4.
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Fig. 6. Inhibition of outward currents by extracellular spermine requires voltage-dependent decay of outward currents. A. Currents recorded from inside-out patches containing Kir1.1
channels in the absence (left panel) and presence (right panel) of 100 μM [spermine]o. B. G–Vm relationships under control condition and with 100 μM [spermine]o. n=3–5. C. Currents
recorded from inside-out patches containing the Kir1.11–183–Kir2.1185–428 chimera under control conditions (left panel) andwith 30 μM [spermine]o (right panel). D. G–Vm relationships
in controls and sampleswith varying [spermine]o. Black lines show ﬁts to Eq. (1). z=1.4±0.1, 1.6±0.2, and 2.4±0.3 under control conditions andwith 3 and 30 μM [spermine]o, respec-
tively. E. Voltage dependence of time constants for current decay. n=2–3.
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voltage-dependent decay of outward currents
Fig. 2B shows that the effect of extracellular spermine was greatest
in the more depolarizing voltage range over which voltage-dependent
decay of outward currents occurs. These results suggest that extracellu-
lar spermine may modulate the voltage-dependent decay of outward
currents. If this hypothesis is correct, then extracellular spermine
should not affect the Kir1.1 channel, in which outward currents do not
decay. As predicted, outward currents through the Kir1.1 channel did
not decay over time either under control conditions (Fig. 6A, left
panel) or in the presence of 100 μM [spermine]o (Fig. 6A, right panel).
The chord conductance of the Kir1.1 channel did not vary greatly at
voltages between −50 and +100 mV under control conditions
(Fig. 6B). Extracellular spermine (100 μM) reduced chord conductance
in the Kir1.1 channel as the voltage became more hyperpolarizing but
did not affect the voltage dependence of outward K+ conductanceA
Fig. 7. Extracellular spermine does not inhibit outward currents through the Kir1.1(V140T)
Kir1.1(V140T) mutant in the absence (left panel) and presence (right panel) of 100 μM
[spermine]o (n=3).(Fig. 6B). The fact that extracellular spermine did not cause time-
dependent inhibition of outward Kir1.1 currents may be attributable
to the absence of a spermine-binding site or the lack of current decay
in the Kir1.1 channel. To distinguish between these two possibilities,
we conducted experiments using a Kir1.11–183–Kir2.1185–428 chimera
inwhich the carboxyl terminus of Kir1.1 (amino acids 184–391)was re-
placedwith that of the Kir2.1 channel (residues 185–428; residue 185 is
equivalent to residue 184 of Kir1.1). The Kir1.11–183–Kir2.1185–428 chi-
mera retains the extracellular domain of the wild-type Kir1.1 channel
but shows time-dependent decay of outward currents characteristic of
Kir2.1 channels [11]. If the lack of an extracellular spermine effect on
the Kir1.1 channel is attributable to the absence of a spermine-binding
site, extracellular spermine should not inhibit outward K+ conductance
in the chimera. On the other hand, if the Kir2.1 cytoplasmic pore, which
is involved in time-dependent decay, is required for the action of extra-
cellular spermine, outward K+ conductance should be inhibited by ex-
tracellular spermine in the chimera. Fig. 6C shows current traces for theB
mutant. A. Currents were recorded from inside-out patches of oocytes containing the
[spermine]o. B. Normalized G–Vm relationships without (n=2) and with 100 μM
A B
Fig. 8. Extracellular spermine shifts G–Vm relationship for the E224G/E299S mutant in the depolarized direction. A. Currents recorded from inside-out patches containing E224G/
E299S mutants in the absence (left panel) and presence (right panel) of 100 μM [spermine]o. B. G–Vm relationships under control conditions and with 100 μM [spermine]o. n=3.
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and presence of 30 μM [spermine]o (right panel). As was observed in
the Kir2.1 channel, outward currents through the chimera decayed
over time and extracellular spermine increased the decay rate.
Fig. 6D shows the G–Vm relationships under control conditions and
in the presence of 3 and 30 μM [spermine]o. Extracellular spermine
shifted the G–Vm relationship of the chimera in the hyperpolarized
direction although higher [spermine]o was required compared to
the D172N mutant. The Vh–EK values were +101.6±0.9, +97.4±2.0
and +82.9±0.8 mV (pb0.001) under control conditions, and with 3
and 30 μM [spermine]o, respectively. Fig. 6E shows the time constants
of outward current decay of theKir1.11–183–Kir2.1185–428 chimera at dif-
ferent voltages. These time constants were decreased by extracellular
spermine, but showed no obvious voltage dependence under controlA
B C
Fig. 9. Comparison of extracellular and intracellular spermine inhibition of the D172Nmutan
at the indicated [spermine]i. B. Normalized G–Vm relationships for the indicated conditions. C
trol conditions. Solid lines are ﬁts to Eq. (1). z=3.6±0.2, 3.3±0.1, 3.0±0.1, and 2.6±0.2
inhibition of outward currents. n=2–5.conditions or in the presence of spermine. These results suggest that ex-
tracellular spermine may inhibit outward K+ conductance by allosteri-
cally modulating the decay of outward currents via a process that
involves the cytoplasmic channel pore.
Fig. 6 shows that the Kir1.11–183–Kir2.1185–428 chimera, in which the
site equivalent to T141 is V140, retained sensitivity to voltage-
dependent inhibition of outward currents by extracellular spermine,
suggesting that a threonine near the selectivity ﬁlter is not necessary
for spermine inhibition. To examinewhether a threoninenear the selec-
tivity is sufﬁcient for extracellular spermine inhibition, we next studied
the effect of extracellular spermine on channels carrying a V140Tmuta-
tion in the Kir1.1 channel. Fig. 7A shows that outward currents
through the V140Tmutant did not decay over time either under con-
trol conditions (left panel) or in the presence of 100 μM [spermine]ot. A. Current traces recorded from inside-out giant patches under control conditions and
onductance at different [spermine]i was normalized to the maximum value under con-
with 0.01, 0.1, 1, and 10 μM [spermine]i. C. Voltage dependence of time constants for
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the G–Vm relationships in the V140T(Kir1.1) mutant. These results
suggest that a threonine near the selectivity ﬁlter is not sufﬁcient
for voltage-dependent inhibition by extracellular spermine.
3.7. Extracellular spermine inhibition can be distinguished from low-afﬁnity
block by intracellular spermine
Fig. 2 shows that the inhibitory effects of extracellular spermine
on steady-state outward currents became more potent at more
depolarizing voltages, an inhibitory behavior similar to that observed
for intracellular spermine. In addition, Fig. 6 shows that the effects of
extracellular spermine require the cytoplasmic pore. These results
raise the possibility that extracellular spermine may leak into the cy-
toplasm and then block outward currents at low-afﬁnity sites from
the cytoplasmic side. To examine this possibility, we ﬁrst studied
the effects of extracellular spermine on Kir2.1 E224G/E299S mutants,
in which low-afﬁnity block is much reduced [18,19,21]. Fig. 8A shows
outward currents through the E224G/E299S mutant under control
conditions (left panel) and in the presence of 100 μM [spermine]o
(right panel). These results are quantiﬁed in Fig. 8B, which shows
that the normalized steady-state conductance of the E224G/E299S
mutant decreased as voltages became more positive under control
conditions and extracellular spermine (100 μM) shifted the G–Vm re-
lationship in the depolarized direction. These results suggest that the
low-afﬁnity block may be involved in the voltage-dependent inhibi-
tion of extracellular spermine, although it is also possible that the ef-
fect is attributable to an absence of voltage-dependent decay in the
E224G/E299S mutant.
Next,wedeterminedwhether extracellular spermine inhibition is dis-
tinguishable from low-afﬁnity block, we compared the concentration-
and voltage dependence of extracellular and intracellular spermineA
B
Fig. 10. Comparison of extracellular and intracellular spermine inhibition of the D114N/E1
under control conditions and at the indicated concentrations of intracellular spermine.
Eq. (1). z=3.4±0.2, 3.6±0.2, 3.2±0.1, and 2.5±0.1 with o.o1, 0.1, 1, and 10 μM [spermine]iinhibition in theD172Nmutant. Fig. 9A showsD172N currents recorded
at the indicated [spermine]i. Intracellular spermine (0.01–10 μM)
inhibited outward currents in a concentration- and voltage-dependent
manner. Fig. 9B shows the normalized G–Vm relationships obtained
with the indicated [spermine]o and [spermine]i. Similar to extracellular
spermine, intracellular spermine shifted the G–Vm relationships in the
hyperpolarized direction; under control and at 0.01, 0.1, 1, and 10 μM
[spermine]i, Vh–EK values were +91.2±2., +61.0±2.0, +42.0±0.6,
22.5±1.1, and −2.0±0.6 mV, respectively. The effect of 100 μM
[spermine]o on the G–Vm relationship (Vh–EK=+58.1±1.1) was
about the same as that of 0.01 μM [spermine]i (61.0±2.0). In addition,
extracellular spermine inhibition saturated at 100 μM whereas low-
afﬁnity block did not saturate up to 10 μM [spermine]i. Fig. 9C shows
that intracellular spermine decreased time constants at low [spermine]i
(10 and 100 nM). At higher [spermine]i, the time constants were too
small to be estimated. These results suggest that the effects of intracel-
lular spermine and extracellular spermine are not identical.
As a ﬁnal approach to determine whether extracellular spermine
acts through intracellular side, we compared the effects of extracel-
lular spermine and intracellular spermine in D114N/E125N/E153Q/
D172N and T141V/D172N mutants, in which extracellular spermine
inhibition was much reduced. Fig. 10A shows currents through the
D114N/E125N/E153Q/D172N mutant recorded at the indicated
[spermine]i. Quantiﬁcation of these results showed that intracellular
spermine (0.01–10 μM) still potently inhibited outward currents in a
voltage- and concentration-dependent manner (Fig. 10B). Similar to
what was observed in the D172Nmutant, intracellular spermine shifted
the G–Vm relationships in the hyperpolarized direction in the D114N/
E125N/E153Q/D172N mutant; at 0.01, 0.1, 1, and 10 μM [spermine]i,
Vh–EK was +59.2±1.9, +48.4±1.7, +29.4±3.9, and +9.0±2.4 mV,
respectively. Fig. 10C shows that intracellular spermine potently
decreased the time constants for the decay of outward currentsC
25N/E153Q/D172N mutant. A. Current traces recorded from inside-out giant patches
B. Normalized G–Vm relationships for the indicated conditions. Solid lines are ﬁts to
. C. Voltage dependence of time constants for inhibition of outward currents. n=3–4.
AB C
Fig. 11. Comparison of extracellular and intracellular spermine inhibition of the T141V/D172N mutant. A. Current traces recorded from inside-out giant patches under control con-
ditions and at the indicated concentrations of intracellular spermine. B. Normalized G–Vm relationships for the indicated conditions. Solid lines are ﬁts to Eq. (1). z=2.8±0.1, 2.9±
0.1, 2.5±0.2, and 2.0±0.2 with 0.01, 0.1, 1, and 10 μM [spermine]i. C. Voltage dependence of time constants for inhibition of outward currents. n=3.
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cellular spermine did not have such an effect.
Fig. 11A shows currents through the T141V/D172Nmutant recorded
at the indicated [spermine]i. Unlike extracellular spermine, intracellular
spermine (0.01–10 μM) potently inhibited outward currents through
the T141V/D172Nmutant (Fig. 11B) and shifted the G–Vm relationships
in the hyperpolarized direction in the T141V/D172N mutant (Vh–EK=
+57.4±1.7, +40.7±0.8, +21.7±3.7, and −7.8±0.4 mV at 0.01,
0.1, 1, and10 μM[spermine]i, respectively). Fig. 11C shows that intracel-
lular spermine potently decreased the time constants for the decay of
outward currents whereas extracellular spermine had no effect on the
T141V/D172Nmutant. Collectively, these results show that the inhibito-
ry effects of extracellular and intracellular spermine on outward cur-
rents are clearly distinguishable from each other.
4. Discussion
4.1. Extracellular spermine inhibits outward Kir2.1 channels more
strongly at more depolarizing voltages
Previously, we showed that extracellular monovalent and divalent
cations inhibit outwardKir2.1 currents through screening of extracellular
surface charges [6]. Because surface-electrostatic effects become more
potent as the number of charges carried by a charge screener increases,
we studied the effects of extracellular spermine on outward Kir2.1 cur-
rents. We found that extracellular spermine indeed inhibits outward
Kir2.1 currents to a greater extent than extracellular Ca2+ and Na+.
However, although extracellular Na+, Ca2+, and spermine have a surface
charge effect in common, the mechanism of extracellular spermine inhi-
bition is different. Extracellular spermine inhibits steady-state outward
Kir2.1 currents, an effect that increases as the membrane voltage be-
comesmore depolarizing.We found that extracellular spermine inter-
acts with the extracellular pore region of the Kir2.1 channel.However, the voltage dependence of such interaction, if there is
one, should be stronger at more hyperpolarizing voltages instead of
at more depolarizing voltages, as was observed in this study.
4.2. Inhibition by extracellular spermine requires the voltage- and
time-dependent decay of outward currents
In nominal polyamine-free solutions, the voltage-dependent inhi-
bition mediated by extracellular spermine requires the time- and
voltage-dependent decay of outward currents. The cytoplasmic do-
main and the selectivity ﬁlter of the Kir2.1 channel are likely involved
in the gating process since mutations at these two regions affect the
decay of outward currents. Because whenever the decay of outward
currents occurs, the wild-type Kir2.1 cytoplasmic pore is present,
the Kir2.1 cytoplasmic pore is necessary for the decay of outward
Kir currents. Although we found that the converse also appears to
be true, the cytoplasmic pore may not be sufﬁcient for outward cur-
rent decay because extracellular spermine is unlikely to directly ac-
cess the cytoplasmic pore. In addition, because the effects of
extracellular spermine are smaller in the T141V/D172N mutant
and Kir1.11–183–Kir2.1185–428 chimera than that in the D172N mu-
tant, the selectivity ﬁlter region must somehow be involved in the
effect of extracellular spermine. However, outward currents through
D114N/E125N/E153Q/D172N and T141V/D172N mutants decay over
time but extracellular spermine has a limited effect on outward currents
through these mutants. Therefore, the current decay alone is insufﬁ-
cient to account for the inhibition by extracellular spermine. Taken to-
gether, the data suggest that the inhibitory effect of extracellular
spermine on outward K+ conduction involves multiple structural do-
mains of the Kir2.1 channel. We propose that extracellular spermine
bound to themouth of the extracellular pore induces an allosteric effect
that regulates the time-dependent decay of outward currents via a
mechanism involving a region at or near the selectivity ﬁlter. The
774 H.-K. Chang, R.-C. Shieh / Biochimica et Biophysica Acta 1828 (2013) 765–775Kir2.1 channel pore is long and features an extracellular pore, the selec-
tivityﬁlter, awater cavity, and a cytoplasmic pore domain. The effects of
extracellular spermine reveal that these distinct regions are in commu-
nication, and demonstrate that changes in this coupling modulate K+
conduction in the Kir2.1 channel. Such a relationship is not unprece-
dented. Recently, it has been suggested that the gating mechanism
of the cytoplasmic pore is somehow coupled to that in the selectivity
ﬁlter via global conformational changes in Kir channels [22]. The
X-ray crystal structures of the Kir channels suggest that rotation of
the intracellular assembly formed by the N- and C-termini can
cause conformational changes in slide helices located at the
N-terminal end of the M1 domain, thereby affecting ion conﬁgura-
tion in the selectivity ﬁlter and changing ion conduction [22].
4.3. Possible mechanisms underlying the voltage-dependent decay of
outward currents
The decay of outward Kir2.1 currents observed in nominal
polyamine-free solutions has been attributed to voltage-dependent
closure of an intrinsic gating mechanism [23–25] and to blockade by
intracellular residual polyamines [8] or HEPES [26]. Previous studies
have shown that an intrinsic gate, independent of intracellular poly-
amine block, controls the opening and closing of Kir2.1 channels
expressed in COS-1 cells [24,25]. In the current study, we showed
that the voltage dependence of outward current-decay in nominal
polyamine-free solutions (z=2.3, Fig. 2B) is less steep than that of
high- (z>5) [27] and low-afﬁnity block (z=3–4, Fig. 9B) by intracel-
lular spermine. In addition, the experiments described in this study
were carried out in the absence of intracellular HEPES (with KH2PO4
and K2HPO4 as the pH buffer). These results suggest that the decay
of outward currents may not be due to residual polyamine or HEPES
block. However, we cannot rule out the possibility of other, as yet
unidentiﬁed, blocking mechanism. With currently available tech-
niques, we were unable to determine the mechanism underlying
the decay of outward Kir2.1 currents in nominal polyamine-free
solutions.
4.4. Extracellular spermine inhibition is different from high- and low-afﬁnity
block by intracellular spermine
Although the voltage dependence of extracellular spermine is sim-
ilar to that of intracellular spermine block, a number of lines of evi-
dence suggest that it is unlikely that extracellular spermine inhibits
outward currents by entering the cytoplasmic pore. First, the degree
of inhibition by extracellular spermine is the same in the wild-type
channel and D172N mutant (Fig. 1C). Second, the G–Vm relationship
of the E224G/E299S mutant, in which the high-afﬁnity binding remains
intact [19], is not shifted in the hyperpolarized direction by extracellular
spermine. Third, intracellular spermine shifts theG–Vm relationship to a
similar degree in D114N/E125N/E153Q/D172N, T141V/D172N, and
D172N mutants, whereas extracellular spermine has much smaller ef-
fects on the two formermutants thanon the lattermutant. These results
suggest that extracellular spermine does not inhibit outward currents
by interacting with the high-afﬁnity blocking site (ﬁrst and second evi-
dence items) or with the low-afﬁnity blocking site (third evidence).
4.5. Effects of extracellular spermine on inward Kir currents
Extracellular spermine inhibits inward currents through Kir2.1
channels expressed in oocytes but has little effect on those through
Kir2.1 channels expressed in HEK293T cells and native channels in
cardiac myocytes (Fig. 1). These differences may be due to distin-
guished structures of the Kir channel assembled in different cell
types, e.g. non-mammalian vs. mammalian cells. Alternatively, extra-
cellular spermine may have multiple direct and/or indirect effects on
inward Kir currents. The overall effect could vary if the componentsmodulated by extracellular spermine are different in distinguished
cell systems.
4.6. Inhibition of native IK1 by extracellular spermine
Polyamines play important roles inmany cellular processes, including
protein synthesis, cell division and cell growth [7]. Extracellular poly-
amines have been shown to inhibit voltage-gated calcium channels
[28,29], to cause both stimulation and voltage-dependent block of
NMDA receptors [30], and to inhibit inward currents through Kir2.1 and
Kir3.1/Kir3.4 channels [31]. In the present study, we show that extracel-
lular spermine could also reduce outward IK1 in guinea pig ventricular
myocytes. Outward Kir2.1 currents play important roles in controlling
the electrical properties of excitable cells. It remains to be investigated
whether extracellular spermine may be used as an alternative treatment
for pathological conditions that involve increases of Kir2 currents.
4.7. Conclusion
Outward currents through Kir2.1 channels play crucial roles in
controlling the electrical properties of excitable cells. In the present
study, we show that extracellular spermine reduces outward Kir2.1
conductance by interacting with residues located external to the
pore. The voltage-dependent inhibition of extracellular spermine re-
quires the time- and voltage-dependent decay of outward currents,
a process in which a region at or near the selectivity ﬁlter and the cy-
toplasmic pore are involved. By examining the effect of extracellular
spermine on outward Kir2.1 currents, the present work reveals that
the extracellular pore domain, the selectivity ﬁlter, and the cytoplas-
mic pore are in communication and that changes in this coupling may
modulate outward K+ conduction in the Kir2.1 channel.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2012.08.016.
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